Introduction
The blanking process of sheet metals has been used often to prepare workpieces for sequential forming operations. This process involves separation of the material by means of a high shear deformation due to the action of a punch. Increasing requirements concerning the cycle time, tool service life and part quality demand a better understanding of the blanking process [1] [2] [3] . Blanking is a process with geometrical and physical nonlinearities, complex thermo-mechanical and highly dynamic features. At the moment experimental studies alone have some difficulties in exploratory the deformation mechanisms during the process. Blanking modelling is becoming an very important tool in understanding and improving the methods of analysis of this processes.
In current literature the blanking numerical models are based on Lagrangian, Arbitrary Lagrangian Eulerian (ALE) or Finite Element Method (FEM) [4] [5] [6] [7] [8] [9] . These approaches imply difficulties. The major difficulties are resulted from the use of grid/mesh, which can lead to various problems in dealing with free surface, moving interface, deformable boundary and crack propagation [10] . There are significant difficulties in modeling process of material failure using the element deletion method, often called element erosion. This approach leads to material mass loss, and also results in significant decrease in predicted blanking force, differences in residual stresses and strains measurement, analysis of strain state. In many cases, the generation of a quality mesh has become a difficult and time-consuming process [11] . For that reason remeshing after critical FE elements distortion is used. However, this option results in change of the crack paths and it is possible only using shell or tetrahedron elements.
Mentioned disadvantages of the finite element models can be reduced using mesh-free methods for example smoothed particle hydrodynamics (SPH). Nowadays SPH method is used not only to describe the behavior of fluids and granular materials, but also for the modeling of large plastic deformation of solids, such as simulation of the orthogonal cutting processes [12] [13] [14] , shoot peening [15] , guillotining [16] , plastic deformation during welding [17] .
In this paper, the application of mesh-free SPH methodology to the simulation and analysis of 3-D blanking process is presented. This new approach involves several advantages compared to the traditional finite element method for example: neglect mesh tangling and distortion problems, does not need to use material separation criterion. The procedure is implemented in an application created by the author using ANSYS/LS-DYNA 12.1 and LSPrePost 2.4 programs. The main aim of the present paper is to compose the numerical model, using SPH. The model is validated with experimental research by using vision-based solutions. The proposed advanced vision-based technology is a modern tool which provide accurate measurement of sheet surface shape or deformation (displacement).
Basis of the SPH methood
The idea of SPH method developed by Gingold and Monaghan [18] is to divide a continuum into discrete elements, called particles which are placed at some distance d from each other. This distance is called particle density d (Fig. 1) . The field variables are smoothed by a kernel function in the area with radius h, called the smoothing length (Fig. 1) . The value of a variable in any spatial point can be obtained by adding the relevant values of the variables within two smoothed lengths. The SPH approximation of the equation for continuum mechanics uses the following approaches. A body condition can be characterizing by function f(x), which is substituted by its approximation ( , ) f A x h . The velocities of a body's points in a particular area are approximated with the following expression:
where
is a smoothed kernel function [12, 13] . The size of the smoothing kernel is defined by the function of Θ:
where p is the dimension of space. The most common 
where C is the normalisation constant that depends on the number of space dimensions.
A quadratic approximation of the particle motion is mainly used for the SPH method. A motion of the particles can be described here with the following equation [12] : 22 1 ,
where j is particle number; N is the number of neighbouring particles;  
Coupled SPH-FEM blanking model
In the current literature the blanking simulations are mainly based on 2D FE codes. A typical blanked product has dimensions including blanking depth. Thus a fullscale 3D simulation needs to be carried out which takes into account geometrical dimension of blanked parts and length of the shearing line. The one big disadvantage of meshless methods over the Lagrangian models is their computational demand. For that reason in the suggested approach to the modeling of the blanking process, a coupling of the FEM model and the model based on hydrodynamic particles has been proposed ( Fig. 2 ). In the case of the SPH approach, the particles are tied to the Lagrangian portion of domain using tied types of the contact. For a model with densely packed SPH nodes, it is recommended that the initial distance between the particles in each direction is approximately constant.
A velocity of vp = 50 mm/s is applied to the punch in the y direction. Punch diameter is set about dp = 22 mm and sheet thickness carry out t = 4 mm. The contact between tools and the deformable sheet metal is described using Coulomb's friction model, and constant coefficients of static friction μs = 0.08 and kinetic friction μd = 0.009 are accepted. Workpiece material in the simulations and experiments is 1018 steel, details are listed in Table 1 . The Johnson and Cook [19, 20] material model is used to represent the constitutive behavior of the sheet. The model is often used for analysis of ductile materials in cases where strain rate vary over a large range and adiabatic temperature increase due to plastic heating cause material softening.
The model can be represented by Eq. (5): (5) where A, B, C, n, and m are the Johnson-Cook constitutive model constants, is the equivalent flow stress,  is the equivalent plastic strain,   is the normalized effective plastic strain rate (typically normalized to a strain rate of 1.0 s -1 ). T is the workpiece temperature, Tr is the room temperature, Tm is the material melting temperature. A series of numerical simulations are carried out to determine the optimal parameters of the solver, and to obtain a minimum prediction error of blanking variables and minimal simulation cost. The computer simulations are executed for different initial particle densities: d1 = 0.15 mm, d2 = 0.17 mm, d3 = 0.19 mm, d4 = 0.21 mm, d5 = 0.23 mm, d6 = 0.25 mm, d7 = 0.27 mm, d8 = 0.29 mm, d9 = 0.31 mm. A initial particle density of d6 = 0.25 mm resulting in a total of 49.184 particles is selected as a optimal SPH particle density for used model dimensions. This initial particle density is selected so as to have a reasonable number of particles at the thickness of the sheet. Larger particle density not illustrate the material flow features and stress distributions appropriately, and a smaller initial particle density strongly increase the computing time. Stabilization of the stress distribution, its values and blanking force in each time step is reached when d ≤ 0.25 mm (Fig. 3) . Fig. 4 shows the influence of smoothing length h on the stress distribution and its values during the plastic dp 
Results and discussion

Blank formation
During the blanking process four main phases can be observed: elastic, elastoplastic, elastoplastic in which damage occurs, initiation and propagation of cracks leading to final rapture. During the first part of the blanking process, the punch and die indent the sheet, pulling down some surface material. The greatest deformation of material occurs near the cutting edges of the tools in this phase. In SPH-FEM model a characteristic distortion of SPH particles in this areas can be seen (Fig. 5, a) . Fig. 5, b shows the image from a high-speed camera i-SPEED TR with zoom lens used in experimental investigations in the same phase of process. During the blanking process, a camera can record a set of consecutive images of the material surface. In this work to quantify the displacements of material during and after the process, a digital image correlation technique (DIC) is used. In two-dimensional digital image correlation, displacements are directly detected from digital images of the surface of the material [21, 22] . Then, one before and another after deformation are recorded and stored in a computer disc as digital images. The images are compared by searching a salient features from one image to another for example: material texture, machining marks (image pixels), oxide deposits, finishing/polishing marks. Figs. 5, b and 5, c presents an analysis of material deformation using material texture. Fig. 5 , b presents punch-material contact zone after simple feature enhancement. The structure of the material can be seen as an integrated lines. Comparing the shape of lines with the lines obtained in previous image before deformation it is possible to determine the areas of strong nonlinearities and deformation of material structure. Fig. 6 shows the next phase of blanking process which begins when the stresses within the deformation zone increases until the yield limit of the material is reached. In this phase, the extruding depth of sheet increases gradually, whilst the tensile stress and bending moment in the material continue to increase. Fig. 6 , a presents the equivalent stress distribution for punch penetration w = 0.9 mm. It can be observed that the distortions of the SPH particles are restricted to a whole thickness of material. The highest stresses occur in the middle of the thickness of material. This tendency can be observed in experimental results. The deformation zone is extended on a whole sheet thickness which is observed on (Fig. 7, b) . a b Fig. 7 Comparison of the numerical and experimental results for punch penetration w = 2.9 mm: a -FEM-SPH model (equivalent stress distribution); b -experiment
The results are in agreement with these experimental observations with approximately error margin about 4° in flowing angle of material measurement. A characteristic rollover on sheared edge can be observed. As shown on Fig. 7, b cracks of the sheet appear near to the edge of the punch. After the cracks of the top and the bottom encounter and coincide the material will separate.
Blanking force
The force-penetration curves obtained by experiment and numerical calculation are plotted in Fig. 8 . The maximum value of the blanking force measured in experiment shows good agreement with the simulation results. The simulation and experimental results show that the blanking force rapidly increases at the initial stage of blanking (AB). The second stage extending from points B to C is characterized by aquasi-constant blanking force which clearly indicates the steady state of this process 
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Rollover stage. The last stage (CD) of the blanking curve corresponds to the drastic decrease of the force due to the unstable propagation of the macroscopic crack along the sheet thickness terminating the blanking operation. Some of the differences between force characteristics obtained from simulation and experiment can be seen in this phase. These differences can be explained by particle density, friction and material models, SPH velocity assumption.
Sheared edge quality
The quality of the sheared edge produced from the blanking of the sheet would depend upon the damage caused to the edge and the extent of the damage around the edge. A good shear edge quality is also correlated with a minimum burr height. In experimental investigations the optically track surface markers on the specimen during deformation is used to calculate the displacements and strains (Fig. 9) . All the deformed images show a different random markers pattern relative to the initial non-deformed reference image. With computer software (i-SPEED Suite) these differences between patterns are calculated by correlating all the pixels of the reference image and any deformed image, and a strain distribution is created.
It can be seen that the maximum values of plastic strain occurs at the edge and then gradually decreases with increasing distance from the cut edge until it reaches a low constant value. The measured results indicate that the maximum true strain has reached a value of 1.9 at the middle of cut surface, and it exponentially decays away from the edge. The values of strains appear to stabilize at a depth of approximately 0.75 mm (Fig. 10) . Fig. 11 shows values of normal stresses component generated on the cut surface of workpiece determined numerically, within the depth of the material in selected areas on the edge. In without burr area a high values of tension normal stress component σy and σz on sheared edge can be seen (Fig. 11, a) . The stress values decrease as the distance from the edge is increasing. The stresses appear to stabilize at a depth of approximately 0.28 mm for this area. Much less normal stress component σy and σz can be observed in the middle area of sheared edge, but stresses increase with distance from the edge (Fig. 11, b) . At the distance of 0.28 mm from the edge σy and σz reduce significantly and beginning to be compressive. A similar trend is observed in burr side but the normal stress component σy stay tensile (Fig. 11, c) . Fig. 12 The influence of punch velocity and clearance on: a -burr height; b -equivalent stress measured on the sheared edge Fig. 12 , a shows the effects of main process technological parameters such as the blanking velocity and clearance on the burr formation on sheared edge. The value of the burr height depends mainly on the blanking clearance value (Fig. 12, a) . The maximum burr height was found using a clearance of c = 20% of sheet thickness and velocity of v = 50 mm/s. Reducing the clearance to c = 5%t significantly reduced the average burr height at this velocity.
It has been observed that the punch velocity has a significant influence on the equivalent stress values measured on the sheared edge (Fig. 12, b) . Increasing the punch velocity increased the equivalent stress values under analysis. The maximum equivalent stress was found using a velocity of v = 250 mm/s and clearance of c = 5%t. As the punch velocity decreases, the equivalent stress decreases (Fig. 12, b) , and the small values are obtained when the clearances are set to the middle range (8-14% of the sheet thickness).
Conclusions
This paper presents a SPH coupled FEM method to simulate the blanking process. A hybrid approach that used the SPH formulation in the shearing zone with high material distortion and the Lagrangian formulation in the region away from the highly distorted zone is very robust and reliable. The FEM-SPH method is validated using the advanced vision based system and DIC method. Based on the experimental data, the model has been shown to be able to provide adequate estimation of the punching forces, deformation state of material and might be used for process control as well as optimizing the blanking parameters. The good agreement between simulation results and the experimental data have confirmed the correctness and credibility of the model. Actual investigations concern the simulation of blanking, in which the tools cannot be considered as rigid bodies. Further work is still required to introduce other ef- 
